The spin densities of the nitroxides H 2 NO, (CH 3 )HNO and (CH 3 ) 2 NO have been studied by iterative CI methods. Calculations at different geometries with various basis sets were performed. It is found that the spin distribution is delocalized within the N-O group, and substitution of the hydrogen atoms on the nitroxyl group by methyl groups changes the spin distribution significantly. Electron correlation, as well as the basis-set quality, plays an important role for the fluctuation of spin populations in the nitroxide radicals. It has been found that the spin density map can be predicted fairly well when correlation was included at certain levels and reasonable quality basis sets were employed. The spin polarization mechanism has been studied through a core excitation method. The superiority of local-spin-density (LSD) theory over the unrestricted Hartree-Fock (UHF) method in spin property studies is discussed.
Introduction
Nitroxide radicals are especially stable and have been studied extensively by ESR [1] [2] [3] and recently by the polarized-neutron diffraction (PND) technique [4] . The spin densities on the nuclei with non-zero spins are accessed through the measurement of isotropic coupling constants in the ESR spectra. PND, on the other hand, through Fourier summation of the magnetic structure factors, not only provides the spin density on nuclear centres, but also in the space over the whole molecules. This renews interest in the theoretical study of this species. Earlier reported results include work conducted by Ellinger and collaborators [5] [6] [7] [8] [9] and others [10, 11] . A variety of methods, including UHF, PUHF [5] , conventional CI methods and double perturbation theory (DPT) [7] , were employed to calculate the spin distribution. The spin densities on the nitrogen and hydrogen nuclei could be predicted in very close agreement with the ESR data using the DPT and CI methods with small basis sets; however, the predicted spin partition between N and O is far from the experiment. The strong localization of spin on the oxygen is in contradiction with the PND measurement [4] which reveals an almost equally distributed spin density between the nitrogen and oxygen atoms.
Delley et al. [11] applied the local spin density (LSD) theory to a few simple nitroxides and obtained a quite satisfactory account of the spin distribution in these radicals. However, their conclusions on basis set and electron correlation effects are open to question. They employed an exchange-only LSD theory as well and found no significant changes in the spin properties from those when the correlation potential was included. This greatly puzzled theoreticians in this field, as shown in two recent reviews by Becker [12] , and by Gillon and Schweizer [13] .
In the present work, we report our systematic study of the basis sets, electron correlation as well as geometry effects on the spin distribution in nitroxides. The CI calculations were based on a restricted open-shell Hartree-Fock (ROHF) reference. The iterative CI method with natural orbitals [14] was used to account for the higher-excitation effects and to rectify the poorness of the ROHF reference. The higher-excitation effects were studied with the CISDTQ technique as well. Hartree atomic units are used throughout this report.
Details of Computation
The SCF-CI computations used the MELD program [15] on an IBM RISC/6000/320 work station, dementi's 7s3p/3s and its contracted form 3s2p/ls basis sets [16] and the 6-31G series [11]; no further optimization was attempted. Details for the geometry are given in Table 1 .
For the SCF-CISD studies, the ROHF configuration was chosen as the starting point. Spin-adapted configurations for all the single and double excitations from the reference configuration were included. The total wavefunction is a pure spin state. In the subsequent iterative procedure, the Slater determinant wavefunction consisting of the first 9 natural spin orbitals with the highest occupation numbers replaced the ROHF wavefunction as the new reference. This provides the best-density independent-particle-model (IPM) [19] [20] [21] . The iterative CI spin properties were taken after five iterations. The total energy, spin den- sities on the nuclear centres and Mulliken spin population of H 2 NO are listed in Table 2 for the SDCI wavefunction and in Table 3 for the iterative CI wavefunction. Table 4 contains the results for (CH 3 )HNO; those for (CH 3 ) 2 NO are summarized in Table 5 . Also shown in the tables are the total numbers of configurations in each case. In Fig. 1 , the iterative CI spin density in the molecular plane of H 2 NO is shown. The iterative spin density in the 7t-plane is displayed in Figure 2 . The transfer of spin density through the iterative technique is shown in Figs. 3 and 4.
Results and Discussion

H 2 NO
A comparison of the results for dihydronitroxide at C 2v and C s geometries suggests that change in the geometry does not greatly affect the spin densities. With the 6-31G basis set, the SCF treatment predicts a partition of the Mulliken spin population N/O as 0.1967/0.8033 at C 2v and 0.1920/0.8070 at C s geometries. The differences occur only at the third decimal place. At the CISD level, the changes are a little larger, but the reason may not be attributed to the geometry effect alone because electron correlation is included at this stage. At the same time, the densities on the centres also view larger changes at the CISD approach than those at the SCF calculation. Basically, the spin density on the nitrogen nucleus increases when the symmetry of the system is lowered, whereas those on oxygen and hydrogen nuclei decrease. The subsequent iterative CI calculation diminished these differences, and after five iterations the differences are very small. Therefore it is proposed that geometry is not an important factor as far as the spin properties are concerned. In the following studies, only the planar geometries were considered in order to save computing time.
The great changes in the partition of the spin population within the nitroxyl group from an SCF wavefunction to the correlated wavefunction at the CISD level clearly show the great contribution of electron correlation. The significance of electron correlation to the spin distribution is further demonstrated by the substantial changes of these properties in the subsequent iterative cycles. Those changes on the molecular and 7r-planes are displayed in Figs. 3 and 4 , respectively. The higher excitation effects were studied at the CISDTQ level with the 6-31G basis set, the spin properties did not change with the following iterative cycles. Even when other references were used, the energy and spin properties changed very slightly. Therefore it is reasonable to assume that the results obtained at this stage are very close to the full CI ones.
Another consequence of including higher excitations into the CI expansion is that the spin densities on the nuclear centres increase. This is clearly shown by the great changes of the spin densities at nitrogen, oxygen and hydrogen in dihydronitroxide from the CISD to CISDTQ. At C 2v geometry, the spin population on the nitrogen increases from 0.0846 to 0.1196 with 6-31G basis set; on the oxygen from 0.1682 to 0.2156; and on the hydrogen from -0.0093 to -0.0120.
The addition of polarization functions to the 6-31G basis set adjusts the spin densities among the nuclei, slightly shifting spin population from the oxygen to the nitrogen atom; however, the major change happened to the spin densities on the nuclear centres. Contrary to the effect of electron correlation, the augmentation of the polarized basis set decreases the spin population on the nuclear centres. Since these two factors have opposite effects on the spin densities and would cancel each other at a certain stage, it is pos- sible to predict the Fermi contact term rather accurately without recourse to large-scale CI calculations. For instance, the iterative CI wavefunction with the 6-31G basis set predicts the Fermi contact terms of the nitrogen and hydrogen atoms with values of 0.0927 and -0.0078, respectively, at the C s geometry; the experimental quantities from ESR [1] are 0.0939 on the nitrogen and -0.0074 on the hydrogen atom, respectively. The difference is smaller than 6%. Also, the above discussion of the effect of higher excitations and basis-set quality on the Mulliken spin population will imply that accurate prediction of spin population throughout the whole molecule requires large-scale CI computations. Nevertheless, those configurations beyond quadruple excitation may not contribute to the spin distribution in a substantial manner. As demonstrated by the CISDTQ calculation of C 2v with 6-31G basis set, including single, double, triple and quadruple excitations into the CI expansion, shifts only about 0.02 from oxygen to nitrogen compared with the CISD treatment. Hence, it is reasonable to conclude that the Mulliken spin population of nitrogen would fall in the range 0.39-0.41 and of oxygen in the range of 0.62-0.64 with this particular basis set.
(CHJHNO and (CH 3 ) 2 NO
The substitution of the hydrogen atoms with methyl groups significantly changes the spin population in nitroxide radicals, similar to the earlier findings with the UHF [5] and the LSD [11] methods. From H 2 NO to (CH 3 ) 2 NO, UHF with a 3s2p/l s basis set saw spin population changes of N +0.132 and O -0.107, respectively. The LSD predicts a 0.033 gain on N and a 0.109 loss on O with a DZV basis-set [11] . The present study shows +0.056 change for N and -0.104 for O at the 6-31G basis set. The changes appear to be systematic.
As demonstrated above, the iterative CI with a 6-31G basis set may produce the Fermi contact term with a relatively high precision. For monomethylnitroxide, we found a larger spin density on the nitrogen atom compared to that in the H 2 NO radical. Also the spin densities on the hydrogens from both the nitroxyl and axial positions of the methyl group were predicted closely; this finding differs from those of Gillon et al. [5] , but fits the experiment quite well [2] , Our results on dimethylnitroxide also agree with the experiment fairly well. At the C 2v geometry, the theoretical spin densities of nitrogen and axial hydrogen atoms are predicted as 0.1205 and 0.0072, respectively, compared to the values of 0.1322 and 0.0077 from the ESR experiment [2] . The calculated spin density on the oxygen atom is 0.1205, only a little larger than the one on nitrogen. This is in agreement with the experimental picture from the PND [4] and close to the ESR data for di-sec-butylnitroxide [3] ,
The predicted Mulliken spin populations on nitrogen and oxygen become closer in dimethylnitroxide. Using the iterative CI wavefunction with the 6-31G basis set, the calculated Mulliken spin population is 0.43 on nitrogen, 0.56 on oxygen. If higher excitation effects were included, these two quantities would be very similar.
Electron correlation may be partitioned into dynamical and non-dynamical portions [22] , The dynamical correlation, found in all systems, is based on the idea of correlated electron motion. The non-dynamical part refers to the effects due to near-degeneracies and rearrangement of electrons within partially filled orbitals and is usually quite important in open-shell systems. The iterative CI technique has been shown to be a powerful approach to this non-dynamical correlation [23] . By taking natural orbitals instead of ROHF orbitals to form the reference wave function, the iterative CI method could improve the reference quality quite effectively by including most of the nondynamical correlations. The spin population partition of N/O in dimethylnitroxide obtained from the ROHF reference is 0.27/0.70 with the 6-31G basis set. This value changes to 0.40/0.55 with the natural-orbitalconstructed reference and is quite close to that calculated from the whole CI expansions. It suggests that non-dynamical correlation is mainly responsible for the spin shift from oxygen to nitrogen.
Spin Polarization Mechanism
The spin polarization mechanism in the CI method has been investigated through a core calculation technique [24, 25] . Only one orbital was allowed to be polarized under the unpaired electron. The results for C 2v H 2 NO with the 3s2p/ls basis-set are summarized in Table 6 . The simple summation of contributions from all the orbitals is comparable to the SCF-SDCI results. The Mulliken spin population does not change much at this stage. This shows that electron correlation, more specifically dynamical correlation, contributes to the spin polarization in the CI scheme. The UHF theory, allowing spin polarization in a different mechanism, could predict reasonable spin densities on nuclear centres if spin contamination was annihilated [6] . However, it is a very crude independent particle model like the ROHF and cannot account for the strong non-dynamical correlation in the systems and fails to predict the spin partitions adequately. In the LSD approximation, the exchange and correlation term is written in a local form [11] . Because of spurious self-interaction in this scheme, the exchange energy is underestimated by 10-15% and the correlation energy is overestimated by as much as 100-200% for atoms [26, 27] , As a result, electrons with the same spin would prefer to stay away from each other [28, 29] . With the self-interaction correction included, the exchange energies increase and the expectation values of <r> for valence orbitals decrease, and both are closer to the HF results [27] . However, this correction does not always bring the theoretical predictions closer to experiments. Actually, the discrepancies with experiment of inter-configurational energies tend to be larger when self-interaction correction has been used [30] . This can be tentatively interpreted as follows: the extra amount of self-interaction in the LSD approximation happens to have the same effects as the non-dynamical correlation, for which the HF theory cannot account, and in fact contributes to the successes of the LSD for the inhomogeneous-electron-gas systems [31] . The superiority of LSD over RHF and UHF in the strongly correlated (non-dynamical correlation) systems [32] supports these arguments. The LSD predicts a more accurate (r^1) value than does the HF for H 2 [33] .
Recently, Jones and Gunnarsson [34, 35] conducted extensive studies on exchange energy behaviour. Their results show that, generally, the LSD approximation gives a satisfactory description of exchange differences, but for cases where the antibonding orbitals are occupied, the stabilities are overestimated. This, clearly, demonstrates the inadequacy of LSD. For molecular systems, the self interaction in the exchange term favours the orbital energies in different degrees. Generally speaking, it could bring extra stability for antibonding orbitals because the orbitals would be more diffuse; however, its consequences on excitation energies between orbitals are much more complicated [34, 35] . As described above, the localized exchange term in the LSD approximation could account for the large non-dynamical correlation in CI theory (see [29] ). Since non-dynamical correlation is crucial to a correct prediction of spin properties, the LSD approximation would behave much better than the UHF. This explains the same tendencies of the treatment by the iterative CI and LSD methods for the nitroxide radicals. The correlation term defined in LSD theory may be considered as the dynamic correlation portion in the CI approach. The small contribution of dynamical correlation to the spin shifts observed in the present CI calculations may rationalize the conclusion of Delley et al. [11] on electron correlation effects (see also [12] ).
Conclusion
The present SCF-CI study shows the importance of basis-set quality and electron correlation in describing the spin populations in nitroxide radicals. The cancellation of the effects from higher excitations with that from improvement of basis-set quality makes it possible to predict the Fermi contact term at the iterative CISD level with the 6-31G basis set. Even though an accurate Mulliken spin population is computationally demanding, we still can predict it within a certain precision based on the extrapolation of spin population with excitation levels. The substitution effects have been clearly shown by the large accumulation of spin on the nitrogen atom; therefore, H 2 NO is not a suitable theoretical prototype for studying nitroxide radicals. The substantially larger changes that were observed among iteration sequences of dimethylnitroxide with respect to those of dihydronitroxide indicates that higher excitation effects would have a bigger contribution in the former systems. Inclusion of higher excitations into the CI expansion, combined with better basis sets, will further shift the spin population from oxygen to hydrogen and would therefore provide pictures in closer agreement with experiment.
The LSD includes the large non-dynamical correlations in the independent-particle model and therefore provides a much better approach than the UHF method in the spin property calculation. However, one should not be overoptimistic about the LSD calculation. The inadequacy of the LSD is that it most likely overestimates the spin transfer from oxygen to nitrogen in nitroxide radicals. Besides, the LSD approximation, like UHF, suffers from a spin contamination problem. Even though several successful applications [12, 13] were reported, special caution has to be employed for new systems. Comparison with more sophisticated ab initio methods, such as the iterative CI, would be of great help.
